Pepducins containing a fatty acid linked to an amino acid sequence derived from cytosolic parts of a G-protein-coupled receptor (GPCR) constitute a new group of lipopeptide tools in GPCR studies. Pepducins corresponding to the third intracellular loop of formyl peptide receptor 2 (FPR2) activate human neutrophils, and we show here that, in addition, these allosteric modulators of receptor activity also kill bacteria. The functional dualism of FPR2 pepducins could potentially be explored as a novel class of antibacterial drugs with immunomodulatory properties.
R
esistance to antibacterial drugs has led to an emergence of serious infections that increasingly become nontreatable by conventional antibiotics. As a consequence, there is a need for new classes of antimicrobial substances with novel modes of action (1) . Molecules such as lipopeptides that in addition to having direct antimicrobial effects also possess immunomodulatory properties (2, 3) can possibly be used as the starting point for developing novel and potent antimicrobial drugs (4) . The group of lipopeptides known as pepducins has been shown to possess immune regulatory functions (3, 5) but they have not been shown to directly kill bacteria. A typical pepducin, containing a fatty acid (normally palmitic acid) linked to a peptide chain with a sequence resembling one of the intracellular loops of a selected G-proteincoupled receptor (GPCR), specifically targets and allosterically modulates the function of the receptor from which the peptide sequence is derived (3, 5) . The allosteric modulatory activity of a pepducin relies both on the lipid anchor and the peptide sequence and is proposed to be a result of an ability of the molecule to pass the cell membrane and interact with the signaling domain of the receptor exposed on the cytosolic side of the membrane (3, 5) .
Neutrophils, the cells of the innate immune system first called into action during bacterial infections, eliminate/kill invading microorganisms, and the recruitment of neutrophils to sites of infection/inflammation is mediated by microbial-and host-derived chemoattractants (6) . These attractants are recognized by different GPCRs, such as the formyl peptide receptors (FPRs) expressed on the neutrophil cell surface (7) . Human neutrophils express two closely related FPRs, FPR1 and FPR2, that are important regulators of inflammation as well as innate defense reactions (6, 8) .
The pepducin technology has allowed the identification of neutrophil-activating pepducins (F2Pals) with sequences identical to the third intracellular loop of FPR2, and F2Pals are clearly capable of interacting with this particular receptor (9, 10) . In this study, we determined the direct antimicrobial activity of FPR2 pepducins and explored the structural/physicochemical property link of pepducins between receptor activation and bacterial killing. Our data show that FPR2 pepducins not only display FPR2-dependent immune stimulatory activity but also have direct bacterial killing capacity.
Bacterial growth and bacterial killing assays. Escherichia coli
and Staphylococcus aureus strains and clinical isolates were routinely grown in Luria broth (LB) to logarithmic growth phase. Two techniques, a modified inhibition zone assay (11) and standard dilution assay (12) , were used for determination of MICs. The formula C ϭ 0.468n/(ad 2 ) was used to calculate the MIC (C) (M) determined from the inhibition zone assay, where a (cm) is the thickness of the agar layer, d (cm) is the diameter of the inhibition zones, and n is the amount of compounds (nmol) added.
Neutrophils and assays to study their function. Neutrophils were isolated from buffy coats obtained from apparently healthy adults on a Ficoll-Paque gradient. The effect of pepducins on neutrophil activation was examined by measuring the production of superoxide and mobilization of complement receptor 3 (CR3; CD11b/CD18) to the cell surface from intracellular granules (13) .
Pepducins. The pepducins and the nonpalmitoylated control peptides were synthesized by CASLO Laboratory (Lyngby, Denmark) by 9-fluorenylmethoxy carbonyl (Fmoc) solid-phase peptide synthesis, and the fatty acid was N-terminally linked on the resin as the last step. Peptides were purified by high-performance liquid chromatography (HPLC), and their sequences were verified by matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS). The physicochemical properties of peptides (Table 1) were calculated (14) .
Neutrophils were activated to produce superoxide anions by the pepducin F2Pal 16 , with a peptide sequence identical to the entire third intracellular loop of FPR2 spanning from K 227 to V 242 (Table 2) . When examined in an inhibition zone assay, the F2Pal 16 pepducin killed both E. coli and S. aureus (Table 2) . Pepducin variants (Table 1 ) including progressive C-terminal truncations of F2Pal 16 were designed, synthesized, and examined for both neu-trophil-activating capacity and bacterial killing activity. Removal of the last four amino acids from F2Pal 16 , generating F2Pal 12 , had minor effects on bacterial killing, but pepducins with even shorter peptide chains were less efficient in killing bacteria ( Table 2 ). For comparison, the MIC value was 0.5 g/ml for polymyxin B compared to 8 g/ml for F2Pal 12 for E. coli and 64 g/ml for polymyxin B compared to 33 g/ml for F2Pal 12 for S. aureus, as determined in the standard dilution assay. When calculated from the inhibition zone assay, the MIC value of polymyxin B was 0.1 g/ml compared to 28 g/ml for F2Pal 12 for E. coli and Ͼ50 mg/ml for polymyxin B compared to 56 g/ml for F2Pal 12 for S. aureus (Table 2) .
For pepducins with 10 amino acids or more, there was an inverse relationship between the peptide length and the neutrophilactivating potency, the F2Pal 10 pepducin being the most potent ( Table 2 ). The 12-amino-acid F2Pal 12 is thus the most potent pepducin with dual functions ( Table 2 ). The neutrophil receptor identified to recognize the F2Pal pepducins was FPR2. Accordingly, the conventional FPR2 agonist WKYMVM as well as F2Pal 12 induced secretions resulting in mobilization of CR3 to the cell surface (Fig. 1A) and activated the NADPH-oxidase (Fig. 1B) through FPR2-dependent processes. This conclusion is drawn from the facts that the FPR2-specific inhibitor PBP10 completely blocked the responses, whereas there were no effects of the FPR1-specific antagonist cyclosporin H (Fig. 1) .
The impact of the overall charge and the hydrophobicity of the fatty acid on the killing and neutrophil-activating effects was next examined. The killing activity in relation to both E. coli and S. aureus was lost or largely reduced with pepducins in which one of the charged lysines was replaced by a neutral glutamine ( Table 2) . Three of the variants with reduced charge (F2Pal 12K1¡Q , F2Pal 12K4¡Q , and F2Pal 12K5¡Q ) but not the fourth (F2Pal 12K9¡Q ) also lacked the ability to activate neutrophils (Table 2), suggesting that the position of the charged amino acids rather than the net charge of the peptide determines the ability of F2Pal 12 to generate proinflammatory signals from FPR2. This suggestion is also supported by the fact that a control pepducin with the same charge but another amino acid sequence compared to F2Pal 12 (F1Pal 16 ; Table 1 ) was unable to activate neutrophils but retained the microbial killing activity ( Table 2 ). The naked peptide lacking the N-terminal palmitoyl group was completely deprived of activity ( Table 2 ), suggesting that the fatty acid is essential both a Superoxide release upon neutrophil activation was measured by isoluminol-amplified chemiluminescence and presented as counts per minute ϫ 10 6 (Mcpm). b Antibacterial activity of pepducin variants (3 l, 6 nmol; 3.3 g/ml for F2Pal12) or polymyxin B (16 g/ml) was examined in the inhibition zone assay, and the zone diameters (mm) after subtracting the well diameter (3 mm) are shown. Polymyxin B at the highest concentration (50 mg/ml) examined did not exert any killing effect on S. aureus. Data are expressed as means Ϯ standard errors of the means (SEM) (n Ͼ 3 experiments). c NA, not applicable.
for bacterial killing and neutrophil activation. With regard to E. coli killing, a pepducin in which lauryl (F2Lau 12 ) replaced the palmitoyl group was as potent as F2Pal 12 , and F2Myr 12 , in which the palmitoyl was replaced by a myristoyl, was actually more potent in killing E. coli than F2Pal 12 (Table 2 ). There was no difference in S. aureus killing between F2Myr 12 and F2Pal 12 , whereas F2Lau 12 lacked all killing activity for this bacterium ( Table 2 ). The antibacterial activity of pepducins was evident also against strains of clinical isolates of Pseudomonas aeruginosa from cystic fibrosis patients and of Enterococcus faecalis from patients suffering from sepsis (Table 3) . It seems that the length of the fatty acid chain plays a more important role in neutrophil activation, as the activity of the F2Myr 12 pepducin was reduced around 50% compared to that of F2Pal 12 , whereas F2Lau 12 was almost inactive as measured by the release of superoxide (Table 2) .
We show in this study that F2Pal pepducins can activate cells of the innate immune system through FPR2, the receptor from which the amino acid sequence in the lipopeptides was derived. The pepducins also possess direct microbial killing effects, a finding that may lead to new approaches and possibilities in the field of antimicrobial chemotherapy. Interestingly, many FPR2 ligands similar to FPR pepducins also have direct bacterial killing activity. These ligands include LL-37, the human member of the cathelicidin family, and the cecropin-like peptide Hp 2-20 generated by Helicobacter pylori bacteria (15, 16) . We demonstrate that the positive charge of the peptide chain in pepducins, but also the fatty acid to which it is linked, is of importance for bacterial killing. The charge may be required for binding to the anionic phospholipids present in bacterial membranes. The role of the acyl chain in bacterial killing may be due to its effect on hydrophobicity, but it may also actively participate in the formation of the defined conformation of the lipopeptides when bound to the membrane and that this somehow facilitates the perturbation and interaction with the membrane. Even though the killing mechanism of lipopeptides involves interaction between the fatty acid and the bacterial membrane (17, 18) , the peptide part and fatty acid of the molecules obviously act together to determine the outcome. The inability of pepducins with a fatty acid shorter than 10 amino acids to mediate the dual effects is most likely due to the lack of interaction with the signaling domain of the receptor, and the interaction is also suboptimal when additional amino acids are added to the C terminus of the most potent neutrophil-activating pepducin, F2Pal 10 . The precise mechanism of modulation is still unclear regarding how pepducins pass through membranes and target the signaling interface at the level of the receptor. The fact that the respective cognate receptor is an absolute requirement for the pepducin effects strongly suggests that pepducins exert their action in close vicinity of the receptor and not by a direct effect on the signaling G proteins (3, 5, 9) . In summary, this study demonstrates a functional dualism, being directly antibacterial as well as activating innate immune cells, of pepducins containing a peptide sequence derived from one of the cytosolic parts of FPR2. Since pepducin technology provides the means to target specific GPCRs and thereby fine-tune innate immune responses, the antibacterial effect of pepducins described here means that receptor-targeted immunomodulatory and antibacterial chemotherapeutics could become a real alternative among anti-infective treatment strategies. It is imperative that future research be directed toward elucidating and enhancing beneficial inflammatory responses driven by antibacterial pepducins without potentiating chronic inflammation. It is tempting to speculate that a short-lived proinflammatory response of pepducins will increase efficiency in eliminating bacteria during the early stages of inflammation. Proinflammatory effects must, however, be controlled so that they do not contribute to the development or exacerbation of chronic inflammatory disorders.
